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The relationship between the three-dimensional (3D) structure
of biomolecules and their function is one of the foundations of &m w
modern biochemistry. Complex carbohydrate molecules are typi- CH
cally extended and highly solvated, resulting in flexible structures, N
or, more rigorously, exchanging populations of differing conformers. %W w g %
This dynamic nature of carbohydrates is naturally expected to be o
central to their biological function, yet its characterization is % W m N m %
extremely difficult because there are few experimental techniques op
available to study it. Figure 1. Schemanc view of HA ollgosaccharldes, with amide assignrients
Hyaluronan (HA) is a high molecular mass polysaccharide (up (. B, 7, w) indicated (hydroxyl groups not shown).
to 10/ Da) found in vertebrates and certain pathogenic microbes Table 1. 15N NOE Enhancement () and T, Measurements of HA
and is thought to be dynamlc in solution. It is formed from a o||gosacchar|des at Three Magnenc Field Strengths
repeated disaccharide Nfacetyl glucosamine and glucuronic acid
(Figure 1) and has diverse biological roles, from organizing
aggregates to generating viscous solutions. These roles are believed
to arise from the interplay of its structural geometry and flexibility, HA4
and therefore a characterization of its dynamic properties is crucial
to understanding its biology and the development of new medical HAs
treatments.
Nuclear magnetic resonance (NMR) is widely used to character-
ize atomic-scale dynamics on the nanosecond time scale. The HAs
dynamics of HA (and other oligosaccharides) have previously been
investigated using natural abundariée—'H relaxation? which
is time-consuming and requires high sample concentratioh8@
mM). In addition, spectral overlap restricts this approach to small
nonrepetitive oligosaccharides (usually shorter than hexasaccha-A relation between these motional parameters Bhdrelaxation
rides). Recently, we have shown hé# enrichment can be used  has been reported previously.
to reduce spectral overlap in HA oligosaccharides, allowing In this communication we extend the use'ef relaxation and
assignments to be made in these repetitive oligomers even in theits interpretation to study molecular dynamics at specific positions
center of decamets(Figure 1). This development now allows within HA oligosaccharides. The analysis differs from that used

11.7T (50 MHz) 14.0T (60 MHz) 17.57T (75 MHz)
amide 7 T, (ms) n Ty (ms) n Ty (ms)

—2.35 1393 —2.01 1366 —1.23 1405
—2.69 1425 —-1.92 1393  —1.55 1438
—2.65 1294 —1.80 1283 —1.34 1323
—1.69 1228 —1.29 1219 —-0.62 1232
—1.93 1260 —1.26 1239  —0.87 1274
—-1.72 986 —1.10 993 -0.70 1027
—-1.87 1114 —-1.29 1124  —0.95 1159
—-1.34 1131 —-1.05 1146  —0.60 1170
—1.50 1169 —1.02 1158  —0.73 1239
—1.18 889 —0.71 899  —-0.45 960
—1.09 882 —0.71 892 —0.42 952
—1.46 1044  —1.09 1098 —0.83 1123
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relaxation experiments to be performed using ¢ nucleus, for proteins because the overall correlation times for small
acquiring position-specific dynamic information along the length molecules are shorter than those for proteins (specificiiN,T;
of each oligosaccharide. Furthermore, the availability of fiily- andT; are the same) and therefore the LipgBzabo model-free

labeled material permits these experiments to be performed bothparameters were calculated by measutihyT; and NOE enhance-
rapidly and in dilute solutions, which is preferable in these analyses. ments at a range of magnetic field strengths. We also show how
The!H—15N NOE enhancemeny] has fundamental advantages =~ comparison ofH—'N NOE and'H—'H NOESY data allows the
over the!3C analogue, since it can be interpreted as an isolated individual dynamics of the amide side chains and glycosidic
spin-pair in enriched molecules, and the small and negative linkages to be distinguished, which can be used to produce an
gyromagnetic ratio of5N gives the measurement a large range Uunprecedented quantitative picture of HA flexibility.
(from —3.6 for fast motions te+0.8 for slow motiong,compared The samples oPN-labeled HA tetramer (H4), hexamer (HA),
with +3.0 to+1.2 for13C enhancement). Together with tHal T, and octamer (H4 used in this study were those reported
andT, relaxation rate&y; is routinely used iri®N-enriched proteins ~ Previously! To measure the NOE enhancements, 2D NMR spectra
to investigate local dynamics, but to our knowledge, they have never Were recorded at 25C with and without proton presaturation (7 s
been used in carbohydrates. To relate these experimental observwas sufficient for complete saturation), at three different field
ables to a simple dynamic picture, it is common to use the Lipari Strengths (11.7, 14.0, and 17.5 T, i& resonant frequencies of
and Szabo model-free approativhich reduces the motion atan 90, 60, and 75 MHz). Pulse sequences and analyses were based on
N—HN vector to three parameters: internal)(and overall fy) standard protocofsusing the maximum peak intensities. Ea8K

motional correlation times and a generalized order paramgter (11 measurement was derived by fitting the maximum peak
intensities from eight 2D spectra (relaxation times 20 ms to 3 s) to

t University of Oxford. an exponential. Table 1 shows theand T, values determined at
¥ University of Oklahoma. each position within the oligosaccharides, according to the assign-
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Table 2. Calculated Lipari—Szabo Model Free Parameters

amide T (NS) 7e (NS) S
HA,4 o 0.42+0.01 0.033t 0.009 0.53+0.03
B 0.41+ 0.02 0.054+ 0.011 0.48+ 0.04
10} 0.39+ 0.01 0.015+ 0.008 0.64+ 0.02
HAs o 0.59+ 0.02 0.032+ 0.006 0.514+0.02
p 0.58+ 0.03 0.046+ 0.007 0.47+ 0.02
y 0.63+ 0.01 0.071+ 0.005 0.5 0.01
[0} 0.66+ 0.01 0.086+ 0.003 0.44+0.01
HAg o 0.86+ 0.03 0.071+ 0.004 0.38+ 0.02
B 0.82+ 0.05 0.071+ 0.006 0.37+0.02
y 0.92+ 0.02 0.092+ 0.003 0.48+ 0.01
P 0.99+ 0.02 0.097+ 0.002 0.45+0.01
[0} 1.00+ 0.02 0.100+ 0.001 0.32+0.01

ments made previously(Figure 1). Using the six experimental
values (and their errors) at each position, a Monte Carlo fitting
algorithm was then employed to calculate thg 7., and &
parameters of the model-free approa€hable 2). This interpreta-
tion assumes isotropic tumbling;, values in Table 2 indicate this

is a reasonable approximation for a tetrasaccharide but is succes
sively worse for longer oligosaccharides.

There is a systematic increasetipas the oligosaccharides get
longer (see Table 2), indicating that they have successively larger
hydrodynamic volumes. This is consistent with current ideas of
their conformation, which portray them as somewhat stiff rods.
These time scales of motion are similar to those determined from
averaged natural abundarié€ relaxation measurements in A’

Figure 2. Set of 20 structures, overlaid on the central two sugar residues,
showing the amide conformational spread due to (A) deviations at the
glycosidic linkages and (B) the acetamido libration determined fos.HA

is informative to interpret them by reference to a specific model,
for diagrammatic purposes only. Therefore, sets of 20 structures
of HAg were constructed by randomly varying the glycosidic linkage
angles and the acetamido groups from their minimum-energy
positions using Gaussian deviates. The standard deviation was
varied until correlation of the relevant vectors in these sets of
structures yielded th& parameters calculated above. Only sets
with standard deviations of 28or the glycosidic linkages and 24

for the acetamido group were able reproduce the al®walues
(Figure 2). It is emphasized that this set of structures is not
displaying degeneracy due to a lack of experimental data (as
carbohydrate structures based é&H—'H NOEs or coupling
constants tend to do); rather, it illustrates the probable spread of
conformations existing in solution.

Also as the oligosaccharide length increases, the order parameters In this communication we have demonstrated #&itlabeling
() are seen to successively decrease, with the values be'ngof hyaluronan oligosaccharides allows dynamic information to be

consistently smaller at the ends of the molecules compared to the

middle (i.e. the ends are relatively more disordered); these

phenomena are a natural consequence of the glycosidic linkage

dynamics (see below). Previous studies usii@ relaxation have
estimated theS values of disasaccharides to be 807838
consistent with the data presented here on,H#\s, and HAg that
have& < 0.65.% values have also been reported for ring €
groups in HA, and these are, in general, slightly higher than for
the N—H groups determined in this work. This difference arises
from the dynamic motion of eadd-acetyl side chain with respect
to its attached ring (librations), which makes a significant contribu-
tion to the!>N heteronuclear NOE.

In addition to providing information on the dynamics of the
amides, ther, 7., and<? values should be able to predi¢t—H
NOESY cross-peak intensities. To test these predictions, #8D
NOESY-HSQC spectrum was recorded on thesldAmple (mixing
time 400 ms), allowing the accurate measurement of NOESY cross-
peak intensities from H H? and H ring protons to their
intraresidual amide proton. The relative intensities of these three
cross-peaks indicate that tieacetyl side chain adopts thens
conformation at all positions within the oligosaccharides, as has
been determined previously in HAHowever, prediction of the
NOESY cross-peak intensities using the interproton distances

measured at specific positions even in the center of octamers. The
order parameters and time scales of motion determined with this
methodology can furthermore be converted into a quantitative
dynamic model (Figure 2). This has revealed that HA oligomers
have substantial local flexibility, in sharp contrast to other models
of HA structurel® and suggests important ramifications for the
biological and physical properties of HA. For instance, we would
predict that binding to proteins would be entropically quite
unfavorable and may require particular interaction mechanisms to
overcome it. In addition, central to its physiological behavior, HA
forms gels that never set; the extended but dynamic behavior
demonstrated here may underlie this. Finally, these experimental
studies provide a firm basis to test molecular modeling simulations,
which will allow dynamics to be more widely applied in describing
the structure and function of biomolecules.
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